Al 2 O 3 films were coated on SUS304L stainless steel and fused silica substrates using chemical solution deposition. Continuous pores with a diameter of approximately 2 nm were observed through the measurement of the pore diameter distribution in the Al 2 O 3 films using N 2 gas adsorption. The zeta potential of the Al 2 O 3 film was measured using the streaming potential method, and the effect of the substrate material on the zeta potential was investigated. Initially, the measured zeta potential of the Al 2 O 3 films was ? 40 to ? 50 mV, which was the same for both the SUS304L and fused silica substrates. However, the zeta potential of the Al 2 O 3 film on the fused silica substrate decreased significantly with repeated measurements. Elemental analysis of the Al 2 O 3 film in the depth direction using dynamic secondary ion mass spectroscopy showed that both K and Cl contents increased after zeta potential measurements were taken. Moreover, the zeta potential of a specimen impregnated with KCl electrolyte solution under vacuum exhibited no dependence on the number of measurements taken. It was thereby considered that the decrease in the zeta potential with repeated measurements was caused by the gradual penetration of the electrolyte solution into the pores, which eventually reached the fused silica substrate. This is a characteristic phenomenon observed when the zeta potential of a film that contains continuous pores is measured using the streaming potential method.
Introduction
Solid particles in a fluid can deposit and accumulate on the components of equipment and systems that employ fluids, such as nuclear power plants, and obstruct the flow of the fluid. As a result, the performance of the equipment or system may be degraded, and damage to the equipment may result. Therefore, there is a demand for technology to suppress the deposition of solid particles in fluids on the components [1] [2] [3] .
Zeta potential control is a method to suppress the deposition of solid particles onto the surfaces of parts. In this method, a film with the same zeta potential sign as that of the solid particles in the fluid is coated on the components, thereby creating a repulsive force between the solid particles in the fluid and the component surface [1] [2] [3] [4] [5] [6] . This is a unique and excellent method that takes advantage of the intrinsic characteristics of the material and does not consume energy to suppress deposition.
The chemical solution deposition (CSD) method considered in this study is a well-established practical process to coat large parts [7] [8] [9] [10] [11] . In the CSD method, a ceramic film is formed on a substrate by first depositing a ceramic precursor solution on the substrate surface and then applying heat treatment to decompose the precursor. This process is advantageous in that it does not require special equipment and is applicable to large parts with complex shapes. However, films formed using CSD typically have a characteristic microstructure with continuous pores [22] [23] [24] .
Many of the large parts that are considered in this study are metallic. Therefore, accurate measurement of the zeta potential of a film containing continuous pores that is coated on a metal substrate is necessary. Electrophoresis is also commonly used to evaluate zeta potential, but this method involves the application of a high voltage to the electrolyte solution and is therefore difficult to use in electrically conductive substrate [13] . The streaming potential method [12] can be used to measure the zeta potential of a film coated on a metal substrate. In the streaming potential method, an electrolyte solution is passed between two specimens placed on either side of a narrow gap and the resulting voltage or current is measured. A voltage is not applied in this procedure, and thus, evaluation of the zeta potential of a film on a metal substrate should be possible. This method requires the application of pressure to move the electrolyte solution. As a result, the electrolyte solution may penetrate the pores of the film, resulting in interactions between the electrolyte solution and the substrate that could affect the measured zeta potential.
Very few reports discuss the zeta potential of a film containing continuous pores that is coated on a metal substrate by the use of the streaming potential method to measure. Lorenzetti et al. [14] coated a TiO 2 film with a thickness of 30 lm on a Ti metal substrate via a hydrothermal method using a Ti alkoxide precursor, and then evaluated the zeta potential using the streaming potential method. Specifically, they measured the electrical conductivity between the electrodes for different gap distances between the specimens. They concluded that the streaming current flows in the pores in the film, according to data extrapolated to zero gap distance. Moreover, they corrected these data to obtain accurate zeta potential. However, the film investigated in their study was relatively thick (approximately 30 lm), and they did not consider the interaction between the electrolyte solution that penetrated the film pores and the substrate. Daiguji et al. published a related report on the behavior of electrolyte solution in a SiO 2 nanotube. They placed a KCl electrolyte solution at both ends of a SiO 2 nanotube with a diameter of 30 nm and a length of 5 lm, and then analyzed the behavior of the K ? and Cl -ions using a two-dimensional continuum equation [15] . They concluded that K ? ions penetrated the nanotube, but Cl -ions were unable to penetrate because the SiO 2 nanotube surface was negatively charged in the KCl electrolyte solution. However, these results do not consider any pressure difference and therefore are not applicable in cases where pressure is applied, such as the streaming potential method.
Determining whether the substrate has any effect on the zeta potential of the film is important to accurately measure the zeta potential of a film with continuous pores on a metal substrate. To this end, stainless steel and fused silica were chosen as substrates. An Al 2 O 3 film was coated on these substrates using CSD, and the differences in the zeta potentials of these specimens were examined by the streaming potential method.
This report investigates for the first time the effect of substrate type on the zeta potential of films coated on the substrate. Furthermore, the origin of the decrease in zeta potential with repeated measurements, a phenomenon discovered during the investigation, is discussed.
Materials and methods

Film formation
The substrates used in this study were SUS304L [composition: C (0.021%), Cr (18.15%), Ni (9.06%), Mn (0.98%), Si (0.64%), P (0.031%), and S (0.004%)] and J Mater Sci (2018) 53:16232-16242 fused silica (ES, Tosoh Quartz). The substrate was in the form of a rectangular plate, and the arithmetic average roughness, Ra, was approximately 0.4 lm.
An Al 2 O 3 film was coated onto each substrate using CSD. Figure 1 depicts the film preparation process. Both substrates were ultrasonically cleaned in acetone, immersed in an Al 2 O 3 solution, diluted to the specified concentration using pure water, and then removed at a fixed rate of 2 mm s -1 . Pseudoboehmite sol was used as the Al 2 O 3 sol (10A, Kawaken Fine Chemicals) and was obtained by the hydrolysis of Al alkoxide. After dip-coating, the specimens were dried at room temperature and heattreated in an electric furnace at 773 K for 30 min in air at the rate of 10 K min -1 . Subsequently, the specimens were cooled in the furnace. The film thickness was controlled by repeating the above procedure. Heat treatment conditions of 773 K and 30 min were determined to allow for the complete thermal decomposition of the Al 2 O 3 sol.
A self-supporting film was prepared using the same Al 2 O 3 sol in order to investigate the properties of this film. A silicone resin mold (inner dimensions: diameter 60 mm 9 height 15 mm) was placed on a plate of glass that had been coated with a 50-lm-thick fluoropolymer layer. The Al 2 O 3 sol described above was poured into the mold and dried at 333 K for 5 h. The obtained thin film was placed in a mullite crucible, and heat treatment was carried out under the same conditions used to prepare the coated films described above. A self-supporting film with a thickness of approximately 80 lm was obtained.
Evaluation
A specimen (dimensions 10 9 20 9 1 mm 3 ) was prepared with an Al 2 O 3 film coating on a fused silica substrate using the process described above. The specimen was embedded in resin, and the resulting material was cut through the middle and polished using waterproof abrasive paper. The cross-sectional region of the coating was then machined using an ion beam (SM09010CP, JEOL). The obtained cross section of the coating was observed using a field emission scanning electron microscope (FE-SEM; S-4700, Hitachi). The zeta potentials of the Al 2 O 3 films coated on the substrates were measured using the streaming potential method (SurPASS TM 3, Anton Paar). Figure 2 shows a schematic of the zeta potential measurement by the streaming potential method. A pH of approximately 5.5 was maintained during the measurements by bubbling N 2 gas through the electrolyte solution, as needed. The measurement temperature was approximately 300 K, the electrolyte was a 1 mM solution of KCl, and the gap between the samples was approximately 100 lm. The pressure was increased to a maximum of approximately 50000 Pa, but the zeta potentials were calculated based on the streaming current in the stable range of 20000-38000 Pa using the following Helmholtz-Smoluchowski equation [16] ,
where f is the zeta potential, I is the current, P is the pressure, g is the viscosity of electrolyte, e is the relative permittivity, e 0 is the permittivity of vacuum, L is the channel length, and A is the cross-sectional area of channel. A polypropylene (PP) film with a thickness of 50 lm was placed opposite to the coated specimen to be measured. Therefore, the apparent zeta potential obtained in the measurements was the average of the values for the coated specimen and PP. The zeta potential of the coated specimen was derived using Eq. (2) below. The zeta potential of PP (23.5 mV) was obtained beforehand using the same conditions and equipment, by placing two PP films opposite to each other.
where f m is the measured zeta potential, f is the zeta potential of specimen, and f p is the zeta potential of PP. Measurements were repeated six times to verify the reproducibility of the data. The pore distribution of the Al 2 O 3 film was analyzed using gas adsorption measurements (Autosorb-1, Quantachrome). Plate-shaped fused silica and SUS304L specimens (dimensions: 22 9 5 9 1 mm 3 )
were coated using the above process. Seven Al 2 O 3 films, total weighing 8-9 mg, were prepared for testing. The N 2 adsorption isotherm at 77 K was measured, and the pore distribution of the film was evaluated using the Barrett-Joyner-Halenda (BJH) method [17] . A similar measurement was taken for a self-supporting Al 2 O 3 film weighing 173 mg. In addition, the true density of the self-supporting Al 2 O 3 film was determined by helium displacement using Archimedes' principle. The film pore ratio p is defined as
where d is the true density and v is the total pore volume that can be determined by pore distribution analysis.
Results and discussion
Film characterization Figure 3 shows an example of a cross-sectional FE-SEM image. In this case, the Al 2 O 3 film was coated by single immersion in 6.7 wt.% Al 2 O 3 sol. The film was firmly attached to the substrate. The thickness of the film was approximately 0.5 lm, and the weight of the film per unit surface area was 1.04 g m -2 , as derived from the change in weight after coating and the specimen surface area. Subsequent film thicknesses were calculated using the weight change after coating, assuming that the weight of the film per unit surface area was proportional to the film thickness. Figure 4 shows the relationship between the number of dipping cycles and the film thickness for the SUS304L and fused silica substrates. The alumina sol concentration was 6.7 wt.%, and the dimensions of the specimens were 16 9 36 9 1 mm 3 . The film thickness increased linearly with the number of dipping cycles for both substrates. There was no significant difference in the manner in which the Al 2 O 3 sol deposited on these substrates. Figure 5a shows the pore diameter distribution of Al 2 O 3 films coated on SUS304L and fused silica substrates, and that of a self-supporting Al 2 O 3 film. Figure 5b plots the cumulative pore volume of the Al 2 O 3 film coated on a fused silica substrate. The pore diameter distribution showed a sharp peak at about 2 nm in all cases, demonstrating that the Al 2 O 3 films in this study had pores with a uniform diameter of approximately 2 nm. The cumulative pore volume of the Al 2 O 3 film on a fused silica substrate was 0.33 cm 3 g -1 , and the true density of self-supporting film, as determined by helium displacement using Archimedes' principle, was 3.01 g cm -3 . The porosity of the Al 2 O 3 film coated on a fused silica substrate was 50%, assuming that the true density of the Al 2 O 3 film was the same for the film on the substrate and the self-supporting film. The microstructure of the Al 2 O 3 film in this study was determined to consist of small pores, with a high porosity.
Guo et al. [22] formed a Nb 2 O 5 film on electrically conductive glass by CSD using NbCl 5 as the raw material; then, they measured the pore diameter using N 2 adsorption. They found that the pore diameter varied widely (from 3 to 23 nm) depending on the heat treatment temperature and that the porosity derived from the cumulative pore volume and true density value was 16-25%. Stathatos et al. formed a TiO 2 film on a glass substrate using CSD. Ti alkoxide was used as a raw material, and the surfactant TritonX-100 was included in the sol. The pore diameter measured using N 2 adsorption was 6-9 nm, and the pore ratio derived from the cumulative pore volume and true density value was 31-45% [23] . Choi et al. also formed a TiO 2 film on a glass substrate using CSD. Ti alkoxide was used as a raw material, and the surfactant Tween 80 was included in the sol. The pore diameter measured using N 2 adsorption was 4 nm, and the pore ratio derived from the cumulative pore volume and the true density value was 46% [24] . These data suggest that the pore diameters and porosity of films formed on substrates by CSD depend significantly on the raw materials and the coating process. Figure 6 plots the relationship between the thickness of the Al 2 O 3 film deposited on SUS304L or fused silica and the measured zeta potential. The zeta potentials were nearly the same for both substrate materials and increased slightly from ? 40 to ? 50 mV as the thickness was increased. This indicated that the zeta potential of the coating was the same, regardless of the electrical conductivity of the substrate. Furthermore, these values were in agreement with previously reported electrophoresis data for Al 2 O 3 particles [18, 19] . For comparison, the zeta potentials of bare SUS304L and fused silica substrates were plotted on the same graph as zero film thickness. These substrates were heat-treated at 773 K for 30 min, as in the case of the coated substrates. The zeta potentials of SUS304L and the fused silica substrates were approximately -13 and -46 mV, respectively. Fused silica had a negative potential with a larger absolute value. The zeta potential of the fused silica substrate agreed well with the results of previously reported electrophoresis measurements on SiO 2 particles [20, 21] . Figure 7 shows the relationship between the number of measurements taken and the measured zeta potential for specimens with an Al 2 O 3 film thickness of about 1.3 lm. Results for uncoated SUS304L and fused silica substrates are also plotted on the same graph. The number of measurements did not strongly affect the Al 2 O 3 -film-coated SUS304L substrate, non-coated SUS304L substrate, and noncoated fused silica substrate. On the other hand, the zeta potential clearly decreased for the Al 2 O 3 -coated fused silica substrate; the total decrease was about 10 mV after six measurements. Figure 8 shows the relationship between the number of measurements taken and the measured zeta potential for specimens with the Al 2 O 3 films of different thicknesses on a fused silica substrate. The zeta potential decreased with increasing number of measurements for all film thicknesses measured, namely, 0.2 lm, 0.35 lm, and 1.3 lm, and the slope of the decrease was roughly the same in each case. We proposed the following explanation for this phenomenon: The ceramic film formed by CSD typically contains continuous pores. The electrolyte solution can penetrate these pores and reach the substrate surface, producing the observed effect on the zeta potential of the substrate. Figure 9 is a schematic depicting the aforementioned idea. When the zeta potential is measured using the streaming potential method, the electrolyte solution is pushed into the pores of the film because of the applied pressure. However, some of the air in the pores of the film remains. This effect was more pronounced in the Al 2 O 3 film on fused silica because the zeta potential of the substrate (-46 mV) was negative and had a large absolute value. This effect was also expected for the SUS304L substrate because in this case, a film with similar continuous pores was formed. However, the absolute value of the zeta potential of the SUS304L substrate (-13 mV) was small, making the effect difficult to observe on this substrate.
Measurement of zeta potential
Consideration for measured zeta potential
As shown in Fig. 5a , the pore diameter in the Al 2 O 3 film obtained in this study was very small at 2 nm; thus, its relationship with the hydration radius of the ions in the electrolyte was considered. Figure 10 shows the relationship between the pore diameter in the Al 2 O 3 film and the hydration radius of the ions. The hydration radius of both K ? and Cl -is about 0.33 nm [25] . Therefore, a maximum of three ions can be accommodated in the radial direction of the Al 2 O 3 film pores. As a result, it is necessary to confirm whether the ions actually enter the pores.
Elemental analysis of K and Cl along the depth direction of Al 2 O 3 film was carried out for some samples using dynamic secondary ion mass spectrometry (D-SIMS; PH16600, Physical Electronics) after zeta potential measurement. The samples were based on specimens with an approximately 1.3-lmthick Al 2 O 3 film on a fused silica substrate. The zeta potential was measured six times, after which the sample was dried in air and then further dried at 180°C for 1.5 h in air. For comparison, similar analyses were conducted for specimens that were coated under the same conditions but were not subjected to zeta potential measurement. The primary ions used in the measurement were O 2 -for K analysis and Cs for Cl analysis. The analysis region was located at the center of the specimen, with dimensions of approximately 500 lm 9 500 lm, and measurements were conducted twice to confirm reproducibility. The measurement results are given as the number of atoms per number of Al 2 O 3 atoms, based on the predetermined standard curve. Figure 11a , b shows the relationship between the film depth and the K concentration of a specimen before and after zeta potential measurement for Al 2 O 3 films with a thickness of approximately 1.3 lm on a fused silica substrate, respectively. In these figures, the blue circles indicate K concentration in the coating film. Analysis of these graphs must take into account the high surface roughness of the substrate (Ra of 0.4 lm) and the bilayer structure of the samples (substrate and film). The film depth was measured using a step gauge, and the horizontal axis was plotted assuming a constant sputtering rate. However, the actual sputtering rate differs between the Al 2 O 3 film and fused silica substrate; thus, the horizontal axis is only for reference. Moreover, the amounts of Al and Si shown do not represent quantitative data and are only provided for reference. Figure 11 shows that the concentration of K in the Al 2 O 3 film was about 2 9 10 -5 atom% prior to zeta potential measurement but increased by approximately two orders of magnitude to reach 2 9 10 -3 -atom% after the measurement. This result indicated that the K ? ions in the electrolyte solution penetrated the pores in the Al 2 O 3 film during the zeta potential measurement.
In this case, the coated specimen appeared to have a higher K concentration as the depth increased. This may have been caused by the presence of K in the fused silica, which is partially sputtered. Different matrices containing the same concentration of K do not necessarily generate the same amount of secondary ions in D-SIMS (matrix effect) [26] . Therefore, we cannot be sure that the K concentration in Fig. 11a actually increases with depth. On the other hand, after zeta potential measurement, the K concentration was constant up to a certain depth and then decreased. Again, these values might include the presence of K in the fused silica; hence, the change in K concentration along the depth direction cannot be discussed. Figure 12a , b shows the relationship between the film depth and the Cl concentration for an Al 2 O 3 film with a thickness of approximately 1.3 lm on a fused silica substrate before and after zeta potential measurement, respectively. In these figures, the blue circles indicate Cl concentration in the coating film. The concentration of Cl in the specimen was about 2 9 10 -2 atom% prior to zeta potential measurement but increased by approximately one order of magnitude to 2 9 10 -1 atom% after the measurement. This result indicated that as with K ? , the Cl -ions in the electrolyte solution penetrated the pores in the Al 2 O 3 film during zeta potential measurement.
Comparing the specimens after zeta potential measurement (Figs. 11b, 12b) , the concentrations of K ? and Cl -ions were about 2 9 10 -3 atom% and 2 9 10 -1 atom%, respectively; that is, the concentration of Cl -was approximately 100 times that of K ? . A possible explanation for this difference is that the positive zeta potential of the surfaces of the pores in the Al 2 O 3 film at pH 5.5 [18, 19] facilitates the penetration of the oppositely charged Cl -ions. If the hypothesis in Fig. 9 is correct, a specimen impregnated with the KCl electrolyte solution under vacuum (to remove the remaining air in the pores) should exhibit a constant zeta potential, even after repeated measurements. Therefore, zeta potential measurements were conducted after vacuum impregnation of KCl electrolyte solution into the coating specimen by the streaming potential method.
The vacuum impregnation method is shown in Fig. 13 . An Al 2 O 3 film with a thickness of 1.3 lm was coated onto a fused silica substrate, which was held in a PP container. The entire vacuum chamber including PP container was evacuated for 30 min using a rotary pump. Then, 1 mM KCl solution was injected into the PP container. Evacuation was continued for another 10 min; then, the vacuum was released so that the chamber reached atmospheric pressure. The PP container holding the specimen was removed from the vacuum chamber, and a lid was placed on the container. After the specimen was allowed to rest for 120 h, the zeta potential was measured. Figure 14 shows the relationship between the number of measurements and the measured zeta potential. The zeta potential after vacuum impregnation was constant at approximately 32 mV and did not depend on the number of measurements performed. Therefore, the decrease in the zeta potential with repeated measurements in Fig. 8 was due to the fact that the KCl solution gradually penetrated the Al 2 O 3 film. Figure 15 depicts the mechanism of the decrease in the zeta potential that is implied from the experimental results above. The K ? and Cl -ions in the electrolyte penetrate the pores in Al 2 O 3 due to the pressurization during the zeta potential measurement. This penetration is gradual because some air remains in the Al 2 O 3 pores. Cl -ions are attracted to the pores at the surface of the Al 2 O 3 film, which has a positive zeta potential, and form a fixed bed. In contrast, K ? ions are attracted to the surface of the fused silica substrate, which has a negative zeta potential, and form an electrical double layer. As a result, a region in which K ? ions are depleted (depletion layer) is formed on the surface side of the electrical double layer (upper side of Fig. 15 ). In consequence, the K ? ions diffuse from the electrolyte solution existing outside of the pores in the Al 2 O 3 film into this depletion layer, causing the region near the Al 2 O 3 film surface to become K ? -rich, and the anion concentration decreases. The zeta potential measured using the streaming potential method should correspond to the total charge of the ions near the surface of the Al 2 O 3 film, and thus, the zeta potential decreases when the electrolyte solution penetrates the pores of the film. 
